Cerebral microcirculation is critical for the preservation of brain health and vascular impairment is associated with age-related neurodegenerative diseases. Because the retina is a component of the central nervous system, cellular changes that occur in the aging retina are likely relevant to the aging brain and the retina provides the advantage that the entire vascular bed is visible, en face. In this study, we tested the hypothesis that normal, healthy aging alters the contractile vascular smooth muscle cell (VSMC) coverage of retinal arterioles. We found that aging results in a significant reduction of contractile VSMCs in focal patches along arterioles. Focal loss of contractile VSMCs occurs at a younger age in mice deficient in the senescence-associated protein, caveolin-1 (Cav-1). Age-related contractile VSMC loss is not exacerbated by genetic depletion of insulin-like growth factor-1 (IGF-1). The patchy loss of contractile VSMCs provides a cellular explanation for previous clinical studies showing focal microirregularities in retinal arteriolar responsiveness in healthy aged human subjects and is likely to contribute to agerelated retinal vascular complications.
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Introduction
Increasing evidence from clinical and experimental studies indicate that age-related microvascular dysfunction and microcirculatory damage play critical roles in a wide range of pathologies affecting the central nervous system (CNS) in older adults (Toth et al., 2017) . It has become evident in recent years that aging causes similar functional and structural microvascular alterations throughout the CNS, which contribute to the pathogenesis of diseases ranging from vascular cognitive impairment to age-related macular degeneration. Because the retina is a tissue of the CNS, which projects out of the diencephalon and has similar embryonic origin as other parts of the brain, it shares a similar microcirculatory network with similar autoregulation, endothelial barrier function as well as pathophysiology. Recent studies demonstrate that early retinal microvascular alterations can be used as biomarkers for different pathophysiologies affecting the brain, demonstrating hypertension and diabetes-induced microvascular lesions, predicting stroke risk, and microvascular consequences of Alzheimer's disease. In aging, retinal arterioles and brain vessels also exhibit similar functional and structural alterations, including impaired barrier function and blood flow regulation and reduced vascular branching (Catita et al., 2015; Chan-Ling et al., 2007; Feng et al., 2008; Grossniklaus et al., 2013; Hughes et al., 2006) . While aging-induced pathophysiological alterations of endothelial cells are well-studied, the age-related changes in vascular smooth muscle cell (VSMC) phenotype are less understood.
Previous studies demonstrate that aging impairs contractile function of resistance arterioles in the CNS, impairing spontaneous myogenic tone (Springo et al., 2015) and autoregulatory function of resistance arteries and their functional and structural adaptation to hypertension (Toth et al., 2013) . Impaired VSMC contractile function of retinal arterioles has also been demonstrated in older adults (Gugleta et al., 2013; Kneser et al., 2009; Kotliar et al., 2008; Seshadri et al., 2016) . Aging also promotes microvascular regression (Lynch et al., 1999) and compromises structural integrity of VSMC-containing arterioles, which contribute to increased M A N U S C R I P T
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prevalence of spontaneous rupture of these vessels (Toth et al., 2015b) . Despite these advances, the underlying mechanisms by which aging affects arteriolar VSMCs are not well understood.
The present study was designed to test the hypothesis that aging alters the coverage of arterioles by contractile VSMCs in the CNS. To test our hypothesis, we analyzed α-smooth muscle actin (αSMA)-positive, contractile VSMC cell coverage in first-order arterioles in retinal whole mount preparations derived from young and aged C57BL/6 mice by immunohistochemistry. To determine whether aging promotes apoptosis in mural cells, activated caspase-3 was immunolocalized. To test the sub-hypothesis that circulating IGF-1 deficiency exacerbates age-related changes in arteriolar contractile VSMC coverage, we used an established mouse model of isolated endocrine IGF-1 deficiency induced by adenoassociated viral knockdown of IGF-1 specifically in the mouse liver using Cre-lox technology (Igf1 f/f + albumin promoter-driven Cre recombinase) (Ashpole et al., 2017a; Tarantini et al., 2016a; Tarantini et al., 2016b; Toth et al., 2015a; Toth et al., 2014) . To test the corollary hypothesis that deficiency in the aging modulator caveolin-1 exacerbates age-related changes in arteriolar contractile VSMC coverage, we used Cav-1 knockout mice and wild-type littermate controls.
Methods
Animals
All procedures were performed in accordance with the Association for Research in Vision Laboratory) and littermate controls generated from heterozygous mating; α-smooth muscle actin (αSMA)-GFP reporter mice (C57Bl/6 background) (Kador et al., 2012) ; and global Cav-1 KO mice (C57BL/6J background; stock #007083) crossed with the αSMA-GFP reporter mice. To target IGF-1 production mice, homozygous for a floxed exon 4 of the Igf1 gene (Igf1
; in a C57BL/6 background) were crossed with mice expressing albumin-driven Cre recombinase, as previously described (Ashpole et al., 2015; Tarantini et al., 2016a) . Knockdown of IGF-1 was verified by measuring circulating levels of IGF-1, as reported (Ashpole et al., 2015) . Mice were housed in microisolation caging on a 12 h light/12 h dark cycle with free access to standard rodent chow (PicoLab Rodent Diet 20 5053, LabDiet, Land O'Lakes, Inc., St. Louis, MO) and water.
Retinal whole mount preparation and immunohistochemistry
After euthanasia by CO 2 asphyxiation, eyes were enucleated and immersion-fixed in 4%
paraformaldehyde and processed as previously described (Gu et al., 2014) . Briefly, eyes were hemisected and retinas dissected under a stereomicroscope (Carl Zeiss Microscopy, Jena, Germany), permeabilized with 1% Triton X-100 in PBS, blocked with 10% normal horse serum in 0.1% Triton X-100 in PBS, and incubated with the following primary antibodies at 4°C 
are reliable markers to represent the VSMC contractile phenotype (Kocher et al., 1984; Owens, 1995) and we used αSMA as a contractile marker (Gabbiani et al., 1981) .
After washing with 0.1% Triton X-100 in PBS (3 x 15 min) the retinas were incubated with the appropriate fluorophore-conjugated secondary antibodies (1:500; Life Technologies, Carlsbad, CA) and/or 1:200 (Jackson ImmunoResearch Laboratories, West Grove, PA)] at 4°C overnight. After another washing with 0.1% Triton X-100 in PBS, four to five radial cuts were made in the retinas, from the edge toward the optic nerve head (ONH), ganglion cell layer up, for flat-mounting in glycerol:PBS (1:1, v/v). Imaging was performed using the FV1200 confocal laser scanning microscope (Olympus, Tokyo, Japan) and images were processed with Photoshop CS5 (Adobe Systems, San Jose, CA).
In vivo funduscopy
Young (4 months) and aged (19 months) αSMA-GFP mice were anesthetized with 100 mg/kg ketamine and 10 mg/kg xylazine and pupils were dilated with 2.5% phenylephrine.
Fluorescent fundus images were captured non-invasively using the Micron IV Retinal Imaging Microscope (Phoenix Research Labs, Pleasanton, CA). After imaging, mice were euthanized and retinas collected for immunohistochemical analysis to compare in vivo GFP fluorescence with SMC coverage.
Morphometry
Coverage of retinal arterioles by contractile VSMCs was analyzed using ImageJ version 10.2 software (NIH, Bethesda, MD) in maximum projections of confocal image stacks of retinal arterioles that branch from the central retinal artery entering from the optic nerve head (analogous to "branch retinal arteries," labeled as "A" in Figure 1A ). CD31 or Collagen IV costaining was used to distinguish actual regions of contractile VSMC loss from artefactual tears/cuts in the vessels that occur during whole mount preparation. The areas of the gaps in M A N U S C R I P T
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αSMA coverage were assessed individually from each arteriole and their sum was subtracted from the total coverage per vessel to derive the αSMA coverage/vessel area ratio. The number of gaps in coverage were also quantified and normalized to arteriolar area. We also quantified immunoreactivity of cleaved caspase-3, αSMA, and CD31 in retinal arterioles from young and old mice and also analyzed the intensity of cleaved caspase-3 immunoreactivity in αSMA-covered and uncovered regions using ImageJ.
Statistical analyses
The total area of each arteriole (3-7/retina) was individually assessed using ImageJ software. The area of αSMA coverage on the same arterioles was then assessed by subtracting the combined areas of the gaps in immunostaining from the total area. The αSMA area/total area = the percent coverage of that vessel. Individual values from each arteriole (or arteriolar region, e.g., for caspase-3 localization to regions of VSMC coverage) are plotted to present the data spread, but for statistical purposes, measurements from each retina were averaged to yield a single value per animal. Statistical analyses were performed using GraphPad Prism software version 5 (GraphPad Software, La Jolla, CA). For comparing two means, Student's t-test was used, and for comparing more than two means, one-way analysis of variance with NewmanKeuls post hoc analysis was used. P values of < 0.05 were considered significant.
Results
Aged retinal arterioles display reduced contractile VSMC coverage.
To determine whether normal healthy aging affected retinal vascular morphology, retinal whole mounts from young (6 months old) and aged (26 months old) C57Bl/6j mice, reared on standard rodent chow, were prepared and analyzed as described in the methods. As shown in M A N U S C R I P T
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representative images in Fig. 1A , retinal arterioles (labeled "A" in Fig. 1A ) display robust and uniform immunoreactivity for the contractile SMC marker, αSMA (red), and the endothelial marker, CD31 (green). In aged retinas, loss of αSMA coverage in focal locations along the lengths of retinal arterioles (indicated with arrows in Fig. 1A , lower panels) is apparent.
Immunoreactivity for CD31 is generally unchanged although gaps in coverage frequently show altered CD31 localization in small puncta. The αSMA coverage (Fig. 1B) and the number of gaps in αSMA coverage ( 
Focal loss of VSMCs can be visualized in vivo,
in αSMA-GFP mice.
To confirm that the observed loss of αSMA immunoreactivity in aged retinas, we took advantage of αSMA-GFP reporter mice in the C57Bl/6 background (Kador et al., 2012) and loss of VSMCs.
To rigorously validate that intrinsic αSMA promoter-driven GFP fluorescence accurately reflected contractile VSMCs that express αSMA, we imaged retinal wholemounts for intrinsic GFP fluorescence, αSMA immunoreactivity, and CD31, respectively. As shown in Fig. 4 , the majority of regions identified as gaps in SMC coverage (white arrowheads) by examination of intrinsic GFP fluorescence both by in vivo (left panels) funduscopy and confocal microscopy (right panels) were also devoid of αSMA immunoreactivity (red). The magenta arrowhead identifies a region with reduced intrinsic GFP that still retains αSMA immunoreactivity.
Quantification of intrinsic GFP fluorescence and αSMA immunoreactivity both normalized to CD31 immunoreactivity in covered and uncovered regions of retinal arterioles is shown in supplemental Fig. 3 . These findings demonstrate that αSMA promoter-driven GFP accurately reports contractile, αSMA-immunopositive SMCs and provide strong evidence that the observed, age-related loss of αSMA immunoreactivity is not due to differences in antibody affinity between young and old retinal tissues.
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Aging results in apoptosis of retinal arteriolar VSMCs.
Loss of VSMC differentiation signals resulting from Notch3 ablation leads to similar focal loss of contractile VSMCs (Henshall et al., 2015; Liu et al., 2010) . Intriguingly, progressive loss of retinal arteriolar VSMCs in Notch3 -/-mice is associated with increased apoptosis as indicated by focal increases in cleaved caspase-3 immunoreactivity (Henshall et al., 2015) . To determine whether normal, healthy aging in wildtype mice is associated with increased VSMC apoptosis, we immunolocalized cleaved caspase-3 in retinal whole mounts from young (4 mo old; n = 3) and aged (24 mo old; n = 3) C57Bl/6j mice. As shown in Fig. 5A , caspase-3 immunoreactivity was not associated with retinal vessels in young mice (Fig. 5A , upper panels). However, in aged mice, focal increases in cleaved caspase-3 staining were apparent (Fig. 5A , lower panels).
Quantitative analysis revealed a significant age-related increase in cleaved caspase-3 immunoreactivity ( Fig. 5B ) on retinal arterioles as well as an age-related decrease in αSMA (Fig.   5C ). To determine whether apoptosis was preferentially associated with gaps in contractile VSMC coverage, we compared the ratio of cleaved caspase-3/CD31 immunoreactivity between regions with and without αSMA coverage. As predicted, regions identified as "gaps" had significantly increased cleaved caspase-3 ( Fig. 5D ) and significantly decreased αSMA (Fig. 5E) immunoreactivity, respectively. Collectively, these data indicate that VSMC apoptosis is preferentially associated with age-induced gaps in αSMA coverage and that at least some of the progressive loss of contractile VSMC coverage can be explained by apoptotic cell death.
IGF-1 deficiency does not exacerbate age-related loss of contractile VSMCs.
To elucidate a potential mechanism for the focal loss of contractile arteriolar VSMCs, we examined the role of IGF-1, a circulating growth factor that is reduced with age and is associated with cerebral vascular rarefaction (Sonntag et al., 2013) , myogenic autoregulatory dysfunction (Toth et al., 2014) and cerebral microhemorrhages (Tarantini et al., 2017) . We M A N U S C R I P T
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hypothesized that IGF-1 deficiency would exacerbate the age-related loss of contractile VSMCs.
Retinas were collected from 25-27 month old IGF-1 deficient mice from a cohort previously described in detail (Ashpole et al., 2017b) . Age-matched Igf f/f control mice were used. As shown in representative images in Fig. 6A and quantifications in Fig. 6B ,C, IGF-1 deficiency did not exacerbate age-related declines in αSMA coverage.
Genetic depletion of Cav-1 exacerbates age-related loss of contractile VSMC coverage
The expression of Cav-1, a senescence-associated protein, is significantly reduced with age in multiple tissues, including both muscle cells and the cells of the CNS (Head et al., 2010) .
Given the abundant expression of Cav-1 in endothelium and VSMCs and its regulatory role in arteriolar myogenic constriction (Park et al., 2017; Sward et al., 2014) as well as VSMC proliferation and apoptosis, we hypothesized that Cav-1 deficiency may exacerbate age-related loss of contractile VSMCs in retinal arterioles. To test this hypothesis, we compared contractile VSMC coverage on retinal arterioles from young (6 month old) Cav-1 KO/αSMA-GFP reporter mice to WT αSMA-GFP littermates. As shown in Fig. 7A -C, Cav-1 deficiency results in a significant loss of VSMC coverage already at a young age (6 months) when VSMC coverage in wild type mice is completely intact. To determine the effect of Cav-1 deficiency across a range of ages, we assessed VSMC coverage in Cav-1 KO and control mice at 3 ages: 6 weeks, 6
months, and 19-20 months (Fig. 7D,E) . At 6 weeks, a clear trend of coverage loss can be seen in individual datapoints but this did not reach statistical significance when vessels were averaged per mouse (n = 4). By 6 months, Cav-1 KO mice have significantly reduced VSMC coverage and significantly more coverage gaps compared to WT littermates. By 19-20 months, the difference in coverage between Cav-1 KO and WT mice is less apparent as WT mice also display significant age-related coverage loss by this age. These results demonstrate that Cav-1 deficiency results in an accelerated age-related loss of contractile VSMCs on retinal arterioles compared to Cav-1 competent mice.
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VSMC apoptosis occurs at a younger age in Cav-1 deficient mice
Because Cav-1 KO mice show loss of VSMC coverage at a younger age than their wild type littermates, we predicted that they would also demonstrate VSMC apoptosis at a younger age.
To test this hypothesis, we immunolocalized cleaved caspase-3 in retinal whole mounts from 10-14 month old wild type and Cav-1 KO mice. As shown in Fig. 8A , caspase-3 immunoreactivity did not associate with retinal vessels in wild type mice at this age (Fig. 8A, upper panels). However, in Cav-1 KO mice, segmental increases in cleaved caspase-3 staining were apparent (Fig. 8A, lower panels) . Quantitative analysis revealed a significant increase in cleaved caspase-3 immunoreactivity and a concomitant significant decrease in αSMA immunoreactivity in Cav-1 deficient vessels compared to age-matched controls (Fig. 8B,C) . At this age coverage of contractile VSMCs was significantly reduced (Fig. 8D ) and the number of gaps significantly increased (Fig. 8E ) in Cav-1 KO compared to age-matched controls.
Discussion
This is the first study to demonstrate that aging promotes focal loss of contractile VSMC coverage in retinal arterioles. Our results are consistent with age-related changes in retinal capillaries and venules previously suggested to result from compromised autoregulation (Hughes et al., 2006) . The dramatic increase in cleaved caspase-3 in aged arterioles and its specific localization with regions missing contractile VSMCs suggests that focal loss of VSMCs can be explained, at least in part, by apoptosis.
The functional consequences of focal loss of contractile VSMCs and increased VSMC apoptosis in the vascular wall are likely multifaceted. First, both the cerebral (Lynch et al., 1999; Toth et al., 2013) and retinal (Bosch et al., 2017; Klein et al., 2004 ) microcirculation undergoes pathological remodeling in advanced aging and disease conditions associated with accelerated vascular aging, including hypertension and metabolic diseases. It is likely that the observed M A N U S C R I P T
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age-related changes in arteriolar VSMCs represent a critical early event in microvascular pathological remodeling associated with aging. Previously age-related VSMC apoptosis has also been observed in peripheral vascular beds (Cliff, 1970; Pearson et al., 2008) . Regression of arteriolar vessels, which involve VSMC apoptosis, is a feature of brain aging, which has been linked to impaired regulation of cerebral blood flow, increased propensity to ischemia and a decline in cognitive performance (Lynch et al., 1999; Ungvari et al., 2010) .
Second, loss of contractile VSMCs likely impairs vasomotor function of the CNS arterioles.
Functional studies on healthy human subjects using the dynamic retinal vessel analyzer (RVA), 
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mice (Henshall et al., 2015; Liu et al., 2010) . Notch-3 is predominantly expressed in arterial VSMCs and is crucial to the maintenance of VSMC phenotypic stability (Wang et al., 2008) .
Classical Notch signals are generated by ligand-induced, γ-secretase-mediated cleavage of the Notch intracellular domain which then translocates to the nucleus and drives expression of transcription factors that promote the contractile VSMC phenotype. Although the interplay between caveolin-1 and Notch-3 signaling is not well understood, there is evidence that γ-secretase-mediated cleavage of the related Notch-1 receptor occurs in caveolae (Hsu et al., 2015; Kapoor et al., 2010) . Intriguingly, recent evidence suggests that inhibition of γ-secretase activity in VSMCs inhibits expression of caveolin-1 (Hatch et al., 2015) . Thus, we hypothesize that caveolin-1 deficiency via either genetic ablation or age-related decline may lead to impaired Notch-3 signaling and focal VSMC dedifferentiation and apoptosis. This hypothesis should be tested in future studies.
In addition to increased VSMC apoptosis, loss of contractile VSMCs in the arteriolar wall may be exacerbated by a phenotypic divergence of mural cells. In aged systemic arteries VSMCs may undergo a phenotypic change from a contractile phenotype to a synthetic phenotype (Lin et al., 2016; Orlandi et al., 2006) , which compromises vasomotor function and promote disease processes. Interestingly, we have observed NG2-positive/αSMA-negative mural cells in focal gaps, suggesting that age-related changes in VSMC phenotype may also contribute to arteriolar aging in the CNS. Future studies using VSMC lineage tracing reporter mouse models should investigate the origin of these cells.
In conclusion, our results add to the growing evidence that aging significantly alters VSMC phenotype and function in the CNS, and that the resulting microvascular dysfunction likely compromises multiple aspects of brain and retinal health. The finding that in the CNS aging promotes focal loss of contractile VSMCs in arterioles due to increased apoptosis has important clinical relevance for the microvascular contributions to both eye diseases and to cognitive impairment in elderly patients. Taken together with the results of earlier studies on both M A N U S C R I P T
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systemic arteries and the cerebral circulation, our findings point to potentially beneficial interventions for preventing age-related vascular apoptosis (Csiszar et al., 2007; Pearson et al., 2008) and promoting microvascular and VSMC health (Csiszar et al., 2012) 
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